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ABSTRACT 
Polyethylene f i lm was crosslinked with divinylbenzene and 
then grafted with acrylic acid using procedures described in the 
J P L  Advanced Development Engineering Note No. 34201 1. A number 
of difficulties were encountered. These difficulties a r e  discussed. 
ii 
ACKNOWLEDGEMENTS 
The authors wish to express  their  appreciation to Dr .  Ralph W. 
Lutwack and Mr .  Werner von Hartmann of JPL for  their cooperation 
and guidance during this program. 
The authors also wish to thank Mr .  A. M. Nicholls and 
M r .  W. Nation for  their assistance in radiation and experimental 
aspects of the research .  
i ii 
4 
TABLEOFCONTENTS 
ABSTRACT 
ACKNOWLEDGEMENTS 
LIST O F  ILLUSTRATIONS AND TABLES 
I. INTRODUCTION 
11. SUMMARY 
111 . EXPERIMENTAL PROGRAM 
A. Ir radiation Technique 
B.  Resistance Measurement 
c;. Infrared Absorbance 
D. Dimensional Analysis 
E. Tensile Strength 
F. Steril ization 
G. Additional Experiments 
IV . DISCUSSION O F  RESULTS 
A. Crosslinking with Divinylbenzene 
B. Grafting with Acrylic Acid 
V. RECOMMENDATIONS 
BIBLIOGRAPHY 
APPENDIX A - Nomenclature 
APPENDIX B - JPL Advanced Development 
Engine e ring Note No. 342 0 1 1 
APPENDIX C - High-Level Radiation Effects 
Facil i ty Brochure 
Page 
ii 
iii 
V 
1 
2 
3 
3 
7 
8 
10  
10 
11 
11 
1 3  
1 3  
1 3  
17 
20 
35 
36 
37 
iv 
LIST O F  ILLUSTRATIONS AND TABLES 
Figure 
1 Radiation Assembly 
2 
3 Lucite Resistance Cell 
Film Rolling and Washing Device 
4 Re s is tance Apparatus Schematic 
5 Resistance Apparatus 
6 Sterilization Chamber 
Page 
21 
2 2  
2 3  
2 4  
25  
26 
'I' able 
1 Quantity of Polyethylene Crosslinked and Grafted 27 
2 Propert ies  of Films Shipped to Sponsor 2 8  
3 Solution Compositions and Dose Rates 30 
4 Resistance Measurements Before Sterilization 31 
5 Dimensional Analysis of Samples Before and 
After Sterilization 33 
V 
I. INTRODUCTION 
The Je t  Propulsion Laboratory of the California Institute of 
Technology (JPL) has developed a sterilizable battery separator mate - 
r ia l  of modified polyethylene film. Basically, the polyethylene film i s  
crosslinked with dinvinylbenzene and then grafted with acrylic acid. 
The crosslinking and grafting reactions a r e  initiated by irradiation 
f r o m  a Cobalt-60 source.  
The objective of the work covered by this repor t  was to prepare 
200 l inear feet  of this battery separator mater ia l  to meet  specifications 
established by JPL by using the procedure supplied by JPL. Specifi- 
cations f o r  the material  after sterilization in hot potassium hydroxide 
include a maximum resistance of 60  milliohm-in 
tensile strength of 700 psi. 
2 and a minimum 
2 
11. SUMMARY 
Approximately 200 feet  of polyethylene film, crosslinked and 
grafted in accordance with JPL Advanced Development Engineering 
Note No. 342011 and subsequently regrafted, was evaluated and sub- 
mitted to the Sponsor (Table 1) .  
initially established procedure, was nece s sar y since insuff ic ient graft - 
The regrafting, a deviation f r o m  the 
ing took place during the initial operation. 
A summary of the films submitted and their  respective properties 
is presented in Table 2 .  
sample procedure used in this and other tables is presented as Appendix A. 
In general, the films exhibited satisfactory resistance values after s ter i l i -  
zation; exceptions appear to be the result  of nonuniformity of grafting. 
The tensile strength values were generally somewhat lower than the 
specified minimum of 700 psi ,  possibly because of degradation resulting 
f r o m  the irradiation dosage required for  regrafting. 
The key t o  the film nomenclature and tes t  
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111. EXPERIMENTAL PROGRAM 
The preparation of the sterilizable battery separator  mater ia l  
was car r ied  out in accordance with JPL Advanced Development Engineer- 
ing Note No. 342011 (see  Appendix B) .  
the materials used in this investigation were equivalent to those specified 
in the aforementioned document and a r e  l isted in Table 3 along with 
irradiation dose ra tes  ~ 
The composition and purity of 
Separate discussions of the various preparation and evaluation 
phases a r e  presented below. 
A. Irradiation Technique 
Irradiation crosslinking and grafting of polyethylene was ca r r i ed  
out at the Southwest Research Institute Radiation Effects Facility. 
detailed description of this facility is given in  Appendix C. 
A 
1.  Irradiation Configuration 
Analysis of the required dose ra tes  and irradiation 
pa rame te r s  indicated that Cobalt-60 source configuration of 3000 cur ies  
would be suitable. 
containing polyethylene at the same time, a small platform was con- 
s t ructed in one of the cel ls  of the facility. 
turntables were modified to hold the ta rge t  tubes. 
Since it was desirable to i r radiate  two glass  tubes 
On this platform, two 16-rpm 
The Cobalt-60 
4 
I 
configuration was attached to one of the source t ransfer  c a r t s  s o  that 
it could be remotely withdrawn and s tored.  The relationship between 
the glass  tube platform and the ca r t  holding the cobalt was fixed by 
steel  plates bolted to the floor so that the center line of the ta rge t  tubes 
was 38 cent imeters  f r o m  the center of the cobalt configuration. 
distance was calculated to produce 25, 000 R/hour and, with the addition 
of a 3-centimeter shim to the c a r t  stop flange, 20, 000 R/hour .  Figure 1 
is a general  view of the cell  with target tubes and cobalt holders in place 
on the c a r t .  
This 
A combination rolling device and washing bath with 
motorized ree ls  was constructed t o  process  the polyethylene ta rge t  
mater ia l  as se t  for th  in  the request for  proposal work statement.  This 
piece of equipment was essent ia l  t o  roll  the polyethylene film and paper 
toweling together with the accuracy required.  
tank and associated equipment. 
for both the rolling of the film on an aluminum spindle and for  washing 
the i r rad ia ted  film with benzene. 
Figure 2 i l lustrates the 
This equipment has  worked satisfactorily 
2.  Dosimetry and Allied Functions 
(1, 2)  was Bausch and Lomb cobalt glass chip dosimetry 
used for  the bulk of the dose rate determinations. 
i r radiat ions were  made with the cobalt glass  dosimetry spaced near  
Three separate  
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the center line throughout the 13-inch ta rge t  rol l  width and at the out- 
side of the ro l l  within the glass  tube. Results were  as follows: 
First Determination in Water 
R / h r ,  Top to  Bottom R / h r ,  Top to  Bottom 
Inside Surface of Tube Center of Tube 
25,000 
25,000 
24,250 
25,000 
24,750 
23,500 
23,750 
22,000 
22,000 
21, 750 
The target-Cobalt 60 relationship was adjusted to provide 
a be t te r  dose distribution, and the resul ts  were as follows: 
Second Determination in Water 
R /h r ,  Top to  Bottom R / h r ,  Top to  Bottom 
Inside Surface of Tube Center of Tube 
23,500 
23,500 
24,200 
23,500 
23,500 
22,000 
23,000 
22,200 
22,200 
21,200 
Third Determination in Air 
R /h r ,  Top to Bottom R / h r ,  Top to Bottom 
Inside Surface of Tube Center of Tube 
26,400 
27,000 
26,400 
25,700 
25,700 
25, 700 
6 
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The resul ts  of the cobalt glass  dosimetry show that, 
after minor adjustment of the source and targets ,  dose distribution was 
very even within the volume of the target.  Fur ther ,  the figures showed 
excellent repeatability between runs when the medium (air o r  water)  was 
considered. Since during the actual irradiation of the polyethylene ro l l s  
the fluids in which the targets  a r e  immersed will have a density slightly 
l e s s  than that of water,  the las t  Cobalt-60 glass chip dosimetry de te r -  
mination should be very close to the target  dose.  
determined with the target  tubes rotating; i r radiat ion t imes were varied 
to make cer ta in  the response of the dosimeters  was l inear  with time. 
All dosimetry was 
The a -alanine dosimetry ( 3 y  4, technique developed at  
SwRI was used to check the cobalt glass chip dosimetry.  
determinations were made in air. 
factory because of a mechanical discrepancy in the ra ther  complex 
electr ical  equipment required to read the dosimeters .  
a -alanine dosimetry was rerun,  results appeared to be good except 
that  they were about 20’70 l e s s  than the cobalt glass  chip readings which 
were exposed at the same time. Since, at this t ime,  there  were many 
cobalt glass chip determinations, which showed every aspect of accuracy 
and repeatability, the a -alanine results were discarded. The cobalt 
glass  chip technique has, in the past, proved reliable and repeatable, 
Two separate 
The first determination was unsatis- 
When the 
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and SwRI has  more  experience with it in the high dose ranges such as 
those stipulated for this project. Further ,  the cobalt glass chip 
dosimetry closely checked the calculated dose.  
The required amount of polyethylene was irradiated 
while utilizing both crosslinking and grafting solutions 
sitions of these solutions are listed in Table 3. 
The compo- 
B .  Resistance Measurement 
A Lucite cell having dimensions specified by J P L ,  as shown in 
Figure 3, was fabricated for  the resistance measurements .  The elec- 
t rodes were platinized platinum. 
the neares t  milliohm on a Leeds and Northrup No. 8067 precision 
bridge. 
by means of a Hewlett Packard Oscillator No. ZOOCD. 
received by the bridge was nulled, and the null was read f r o m  a 
Hewlett Packard AC voltmeter, Model HP403, amplified by means of 
a Hewlett Packard amplifier No. 466A. 
of the apparatus a r e  presented in Figures 4 and 5, respectively. 
capacitance of the cel l  was found t o  be  negligible. 
The resis tance values were read to 
Alternating cur ren t  (1000 cycle) was supplied to the sys tem 
The signal 
A schematic and a photograph 
The 
The procedure for obtaining the membrane resistance was as 
follows: 
The cel l  was opened. A washer (0.  5-in. ID x 1 .  0-in. OD) 
of the separator  mater ia l  was placed into the cel l .  Care was exercised 
8 
to see that the mater ia l  did not obstruct the hole, 
The cel l  was closed, bolted and filled with 40 
KOH temperature  was recorded to the neares t  0 . 1  "C 
resis tance (Rw) was obtained. 
wt 70 KOH. The 
and a cel l  
The KOH was drained. The washer was removed and the cel l  
faces wiped with 570 acetic acid and dr ied.  
A disc (0. 5-in. diameter)  of the separator  mater ia l  to be tested 
was inser ted in the cell  so that the mater ia l  covered the passage 
(0. 25-in. ID) completely. 
The cel l  was again closed, bolted and filled with 40 wt 70 KOH. 
The total resistance (RT) due to the insertion of the separator 
membrane was read on the bridge. 
The membrane resistance in milliohms-in2 was obtained f rom 
the expre s sion 
Membrane Resistance = (RT - Rw) x A 
= total resistance,  milliohms 
R, = cell  resistance,  milliohms 
A = film area ,  square inches 
C. Infrared Ab s o rbanc e 
Infrared scans of the final product were made in an attempt to 
determine the degree of grafting. However, it was not possible to 
9 
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determine rat ios  of the ionized carboxyl to  methylene groups because 
infinite absorbance was obtained. 
The Model 21 Perkin-Elmer used did not  have a reflectance 
attachment whereby one could measure the reflected infrared. 
Several  attempts were made to decrease  the sample thickness. 
A piece of the separator  mater ia l  was stretched a s  thin as possible 
and rescanned; however, infinite absorbance was again obtained in the 
two regions of interest .  
D. Dimensional Analysis 
F o r  design purposes the physical dimensions and weight of each 
sample were determined dry,  wet before steri l ization, and wet after 
s ter i l izat ion in 40 wt 70 KOH. Wet dimensional measurements  before 
s ter i l izat ion were made after the samples had been soaked in 40 wt 7'0 
KOH for  nineteen (19) hours.  
A rectangular section of separator  mater ia l  approximately 
0. 38 inch wide by 6 . 0  inches long w a s  removed for dimensional 
analysis .  Each s t r ip  was blotted with separator  paper, weighed on 
a balance and the weight recorded to the neares t  0. 1 mill igram. 
consti tutes a wet measurement .  
This 
To obtain the length and width measurements ,  a s t r ip  was 
placed between two plates of g lass  and its dimensions read to the neares t  
f i f t ie th  (1 /50 )  of an inch with a twelve-inch s ta inless  steel  ru le r .  
10 
Film thickness was measured with a Starret t  thickness gauge 
which could be read to the 0 .0001 of an  inch. The thickness of the 
s t r ip  was measured a t  three different positions and an  average taken. 
E. Tensile Strength 
The tensile strength of each sample was measured wet with 
40 wt To KOH after sterilization by means of a Gardner Tensile Apparatus. 
Duplicate determinations were made using the rectangular s t r ips  
described above. 
F. Sterilization 
Sterilization chambers  were fabricated f r o m  12-inch lengths 
of 1-inch 316 stainless steel  pipe and pipe caps.  
tained a film holder consisting of a 316 stainless s teel  rod which had 
two pieces of 316 stainless steel  screen attached to it. One piece of 
s c reen  was fastened to the bottom of the rod and the other about 
4-inches above the bottom. 
is shown in Figure 6 .  
Each chamber con- 
A photograph of a steri l ization chamber 
Sterilization was conducted on samples for  subsequent resistance 
measurement ,  dimensional analysis , and tensile strength determination. 
The samples  to be steri l ized were placed on the film holder between 
the two screens  and immersed  in approximately 90 ml of 40 wt To KOH. 
The containers were sealed and placed in a forced draf t  oven. 
11 
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One chamber containing 40 wt 70 KOH was equipped with a 
thermocouple well and thermocouple which was connected to a recording 
potentiometer. This was used to determine the temperature  within the 
steri l ization chambers .  After one hour, the t e s t  samples  had reached 
145°C. The samples  were  held for  36 hours  a t  145°C +2"C,  cooled to  
room temperature ,  and t ransfer red  to  plastic vials which contained f r e s h  
40 wt 70 KOH. 
G.  Additional Experiments 
In addition to the prescr ibed experimental  effort, several  
additional experiments were conducted in an effort to provide a better 
understanding of the grafting operation. 
In order  to establish how much i r radiat ion exposure is required 
to achieve the desired degree of grafting, a 6-foot portion of film 
(removed f r o m  2 North, Table 1 )  was exposed to repeated irradiation 
in approximately twenty-four hour increments at the prescr ibed dose 
rate. 
s ium hydroxide solution, and a 1-foot sample was removed for 
res i s tance  measurements  e 
used each  t ime.  The data a r e  shown below. 
After each period of exposure, the film was washed with potas- 
F r e s h  acrylic acid grafting solution was 
12 
Total Time of 
Irradiation 
68 hrs 5 min 
92 h r s  5 min 
116 h r s  5 min 
136 h r s  10 min 
2 Re sistance, milliohm- in 
266 (initial attempt to graft)  
3000 
3000 
62  
Several  additional experiments were conducted during the 
regrafting period. Two samples were placed on a small  wooden platform 
attached behind the target specimen turntables. 
uncrosslinked polyethylene in a i r .  
One sample vial contained 
This sample was exposed for  68 hours  
5 minutes, removed, and then the acrylic acid grafting solution added. 
It was allowed to stand 72 hours, washed with 570 KOH and dried.  
infrared scan showed no grafting had occurred.  
An 
Resistance was also 
very  high. 
a nitrogen atmosphere.  After the above procedure was followed, an 
The other sample contained uncrosslinked polyethylene in 
infrared scan showed no grafting took place. 
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IV.  DISCUSSION O F  RESULTS 
A. C ros  slinking with Divinylbenzene 
In the preparation of steri l izable battery separator  mater ia l  
utilizing the procedure specified by JPL (Appendix B),  the crosslinking 
of polyethylene film appeared t o  take place smoothly, and no difficulties 
were noted. 
B .  Grafting with Acrylic Acid 
After crosslinking with divinylbenzene, the polyethylene film 
supplied by JPL was subjected to grafting with acryl ic  acid. 
sample designations appearing in the various tables follow the nomen- 
clature  key presented in Appendix A.  
grafting procedure, samples of the polyethylene were removed for  
analysis before steri l ization, and the data a r e  presented as irradiation 
run Nos .  1 through 4 in Table 4. 
be very  high; infrared scans showed some grafting had taken place in 
all samples  with the exceptions of the first i r radiat ion (1 N and 1 S ) .  
During the grafting, precipitation of a white substance in the 
The 
After following the prescr ibed 
The resis tance values were found to 
grafting solution was noted. Presumably, this was poly(acry1ic acid). 
Examination of samples 1 N and 1 S indicated little or  no grafting 
occurred .  
th ree  i r radiat ions,  the excessively high resis tance values rendered 
Although grafted polyethylenes were produced in the next 
14 
them unacceptable. Because of these difficulties, a change o rde r  was 
issued by the Sponsor to provide for regrafting of the films in an 
attempt t o  produce an acceptable product. 
reduced the number of evaluations required to meet  the t e r m s  of the 
contract .  
This change o rde r  a lso 
Regrafting was conducted on the initial irradiation sample 
Nos. 2 through 4 ,  North and South, a s  shown in Table 1. After r e -  
grafting, infrared scans before steri l ization showed infinite absorbance 
of methylene and carboxyl groups, indicating grafting had occurred.  
In general, res is tance values obtained before steri l ization were in the 
des i red  range. These values a r e  shown in Table 4 along with the 
values of the films grafted only once. 
evaluations were conducted with the regrafted mater ia l s .  
evaluation data  a r e  presented in Tables 2 and 5. 
Sterilization and subsequent 
These 
In one case  (2 SI), the electrical  res is tance of the regrafted 
film increased to a very  high value after steri l ization, while the 
remainder  retained low resis tance after steri l ization. The only known 
difference in t reatment  of this sample is the time lapse between irra- 
diation and washing with the 5% potassium hydroxide. The sample 
which increased in res is tance after s ter i l izat ion was processed within 
2 hours  after irradiation. The other samples  remained in the grafting 
solution for  24 to 72 hours before processing. It appears  that  the 
I 
I 
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grafting is diffusion limited and that much of the grafting of the internal 
portion of the film occurs  after the irradiation exposure is terminated.  
I r regular i t ies  in the grafting could well cause the observed variation 
in res is tance values. 
Considerable acrylic acid homopolymer is formed during the 
grafting step. 
in near ly  every case ,  regard less  of the amount of film used, it was 
necessary  to break the glass reaction tube to remove the film. The 
presence of the la rge  quantity of hompolymer caused excessive p re s su re  
on the polyethylene film. 
a nonuniform manner and contributed to the nonuniformity in grafting 
and thus to the variation in propert ies .  
This produced a solid mass in the reaction tubes, and 
It is thought that  the p re s su re  was exerted in 
A satisfactory explanation for the absence of acrylic acid grafting 
on the first attempt is not available at this t ime.  
that  an  inhibitor is present in the start ing polyethylene film and that this 
inhibitor was destroyed during the fir st grafting attempt, thereby 
permitt ing the grafting to take place during the.second t reatment .  
this is t rue,  it is not completely understood why the crosslinking with 
divinylbenzene appeared to take place. 
grafting i s  given in the following section. 
It has  been suggested 
If 
Further  discussion of the 
It was necessary  to unroll  the film on the rolling and rinsing 
device and pass  it through hot 570 potassium hydroxide solution before 
16 
placing it in the hot 5% potassium hydroxide bath. 
was not done, excessive cohesion of the film occurred in the bath. 
Lf this pre-wetting 
The temperature  was monitored during one of the regrafting 
runs by means of a thermocouple and recorder .  
which occurred after 38 hours  of irradiation. 
lasted for 10 hours,  after which the temperature  re turned to ambient. 
There was a 2 ° C  r i s e  
This temperature  increase 
The tensile strengths of the regrafted films were lower than the 
specified minimum of 700 psi. The additional exposure t o  high energy 
i r radiat ion required for  regrafting may have caused some degradation 
with a resultant reduction in tensile strength.  
Infrared absorbance was determined by t ransmission through 
the film. In all ca ses  where grafting occurred,  infinite absorbance 
was exhibited in both the 1540 ern-' (carboxyl group) and the 2920 c m - l  
(methylene group) regions.  
for  these two groups could not be  determined. 
As a consequence, the ratio of the absorption 
t 
i .  
V. RECOMMENDATIONS 
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It is recommended that the preparation of a sterilizable battery 
separator  f r o m  polyethylene be studied to determine an optimum 
procedure f o r  its production. 
of the approaches which should be investigated in this study. 
The following is a discussion of some 
The grafting of divinylbenzene crosslinked polyethylene film 
which occurs  when the film is immersed in an acrylic acid solution 
and irradiated a t  normal ambient temperature is obviously diffusion 
limited. 
of the film than in the interior portion. 
eneous graft .  
This causes grafting to  proceed more  rapidly on the surface 
This produces a nonhomog- 
Increasing the temperature of the grafting solution should 
increase the swelling of the film and thereby increase the ra te  of 
diffusion of the acrylic acid into the film. 
a r e a s  of the film do not graft  at room temperature,  it will be necessary 
to r a i se  the temperature  to a point where the crystall i tes disappear if 
a completely homogeneous graft is  to be obtained. 
homogeneous graft  should offer the lowest resistance when immersed  
in a potassium hydroxide solution. 
Also, a s  the crystall ine 
A completely 
The use  of lower dose rates  may also favor grafting over homo- 
polymer formation. If necessary,  the total  dose can be kept the same 
i 
18 ~ 
a s  presently used. 
should permit  the reaction to be less  diffusion controlled. 
approaches, combined with increased temperature,  may produce a 
superior battery separator  material. 
Lower dose rates  and/or intermittent irradiation 
These 
It has been reported that irradiation of polyethylene in a i r  to 
form peroxides and subsequent immersion in grafting solutions can 
produce homogeneous grafts even in crystall ine polyethylene. This 
approach should also be considered. 
Although preliminary experiments using irradiation of the dry 
film followed by immersion in the grafting solution were unsuccessful, 
this failure may have been due to the inhibitor present  in the acrylic 
acid o r  to the fact  that the grafting solution was not degassed. 
removal may be of value with this technique. 
Inhibitor 
The presence of inhibitor in the acrylic acid may be the cause 
of failure in the f i r s t  grafting attempt. 
potassium hydroxide and given only one r inse in hot water,  some 
potassium hydroxide probably remains on the film. 
grafting, this residual alkali may be sufficient to  inactivate the small  
amount of inhibitor present in the acrylic acid. 
removal  of the inhibitor o r  presoaking of the film in potassium hydroxide 
before  grafting should be investigated. 
acrylate  o r  potassium hydroxide t o  the acrylic acid may accomplish 
the same resul t .  
After the film is washed in 
During the re -  
Because of this, ei ther 
The addition of potassium 
19 
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The effect of water in the grafting solution and fi lm should also 
be investigated, a s  it is known that water will accelerate polymeriza- 
tions produced by  irradiation. This acceleration is due to the ease of 
f ree  radical formation f rom water .  
20 
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TABLE 2 
PROPERTIES OF FILMS SHIPPED TO SPONSOR 
Re s is t ance , 
T h i c k n e s s ,  m i l s  milliohm-in 2 
Before Ster i l izat ion After Sterilization* at 25.4"C Tensi le  Strength::, 
Dry - Wet - Wet After Steril ization* ps i  Sample 
I 2 SI-0, 1 1 .0  1 .2  1 . 9  
1 . 0  1 . 1  1 . 9  
76 
194 
520 
570 
I 2 SI-0,2 1 . 1  1 .1  1 .9  2960 
1 . 0  1 . 1  1 .9  >3000 
580 
710 
I 2 s1-1 ,3  1 . 0  1 .0  1. 8 >3000 1 . 0  1 . 0  1 . 8  >3000 514 770 
I 2 SI-1,4 1 . 0  1 .0  1 . 9  >3000 1 .0  1 . 1  1 . 9  82 1 426 482 
1 . 0  1 .2  1 .9  >3000 
1 . 0  1.2 1.  8 - 
578 
484 
2 SI-2, 5 
2 SI-2,6 1 .0  1 . 1  1 .9  > 3000 
1 . 0  1 .2  1 . 7  > 3000 610 715 
2 NO-0, l  
i 
1 . 4  1 . 5  1 . 9  
1 . 4  1 . 5  1 .  8 - 
1 610 
545 
2 NO-0,2 
2 NO-1, 3 
2 NO-1,4 
3 NI-0, 5 
3 NI-O,6 
1 . 7  1 . 7  1 . 9  
1 .4  1 .6  2 . 0  
15 
2 
475 
30 3 
1 .2  1 . 5  2 . 0  
1 . 2  1 . 5  2 .2  
24 
40 
980 
44 7 
1 .2  1 . 4  2 . 0  
1 . 3  1 . 5  2 .0  
7 
14 
41 3 
680 
1 .2  1 . 3  2 . 1  
1 . 3  1 . 9  2 .1  
11 
- 
46 8 
41 3 
1 . 3  1 . 4  2 . 0  
1 . 5  1 . 6  2 . 0  
12 
- 
4 35 
26 0 
TABLE 2 
PROPERTIES O F  FILMS SHIPPED TO SPONSOR (Cont'd) 
Resis tance,  
T h i c k n e s s ,  m i l s  mill iohm- in2 
Before Ster i l izat ion After Sterilization* at 25.4"C Tensi le  Strength*, 
DrV W e t  W e t  After Sterilization:: p s i  -1 Sample 
3 NI-1, 7 1 . 3  1 . 5  2 . 0  
1 .2  1 . 5  2 . 0  
19 
22 
86 8 
84 0 
3 NI-1, 8 1.2 1 . 5  2.1 
1 . 3  1 . 5  2 . 0  
47 
12 
385 
385 
3 s o - o , 1  
3 s0-0,2 
1 . 3  2 . 0  2 .0  
1 . 7  1 . 8  1 . 9  
6 
7 
507 
364 
1 .4  1 . 7  1. 8 
1 .4  1 .6  1. 8 
1 
2 
520 
508 
I 3 s 0 - 1 , 3  1 .1  1 . 3  1 . 4  1.1 1 . 5  1 . 7  11 9 570 389 
3 SO-1 ,4  1 . 4  1.8 1. 8 7 
1 . 3  1.8 1. 8 8 I 
718 
480 
3 N-O,5 1.5 2.1 2 .0  
I 1.6 2 . 0  2 .0  
5 
6 
42 1 
324 
4 N-O,6 1 . 3  2.0 1 . 9  
1.4 2 .0  2 .0  
8 
16 
- 
580 
4 N-1, 7 1 . 3  1 . 5  1 . 7  
1.2 1 . 7  1 . 4  
18 
19 
388 
785 
4 N-1 ,8  1 . 3  1 .5  1 . 9  
1 . 3  1 .5  1 . 7  
14 
18 
6 95 
600 
* 36 h o u r s  at 145°C in 40 wt  70 KOH. 
The  last d ig i t  i n  s a m p l e  number  identifies the s te r i l i za t ion  chamber .  
30 
TABLE 3 
SOLUTION COMPOSITIONS AND DOSE RATES 
Total Total 
Dose Dose 
Crosslinking Solution Dose Rate, Rate, Grafting Solution Dose Rate, Rate, 
Volume ‘70 Mrads/hr  Mrads Weight  70 Mrads /hr  Mrads 
1 . 0  Divinylbenzene 0.025 0. 55 25. 0 Glacial Acrylic Acid 0.021 2.860 
1 . 0  Benzene 
98.0 Methanol 
Chemic a1 
Divinylb enz ene 
Benzene 
Methanol 
Glac ial acryl ic  ac id 
Carbon tetrachloride 
Potass ium hydroxide 
Polyethylene film 
Separator  paper 
7 0 . 0  Benzene 
5. 0 Carbon tetrachloride 
CHEMICAL SUPPLIERS 
Grade 
Pr ac tic a1 
1 degree nitration 
His tologic a1 
- -  
Reagent 
Reagent 
--- 
--- 
Supplier 
Matheson Coleman & Bell 
Texas Solvents & Chem. Co. 
F isher  Scientific C 
Rohm & Haas 
J. T. Baker Chem 
>. 
c o .  
J. T .  Baker Chem. Co. 
Supplied by JPL 
Supplied by JPL 
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I TABLE 4 
RESISTANCE MEASUREMENTS BEFORE STERILIZATION 
Re s istanc e 
2 mill iohms -in 
at 25.4"C Sample Thickness, mils 
1 . 4  
1 . 2  
12 
20 
> 3000 > 3000 1 . 0  1 . 0  
2 N  
2 s  
1 . 1  
1 . 1  
900 
2200 
3 N  
3 s  
1 . 0  
1 . 0  
600 
601 
> 3000 > 3000 4 N  4s  1 . 0  0 . 9  
1 . 2  
1 . 1  
1 . 1  
1 . 3  
1 . 2  
359 
1240 
2750 
1180 > 3000 
7 
41 
36 
17 
47 
210 
2650 > 3000 
165 
4 04 
54 
86 
34 
32 
TABLE 4 (Continued) 
RESISTANCE MEASUREMENTS BEFORE STERILIZATION 
Sample 
2 NO:: 
2 so* 
3 NO:: 
3 so 
4 N (regrafted) 
4 S ( regraf ted)  
Resistance 
milliohms - in 
Thickness, mils a t  2 5 . 4 " C  
2 
1.1 
1 . 2  
1.1 
1.1 
1.1 
1.1 
1 . 2  
1 . 3  
1 . 5  
9 
57 
58 
77 
9 
9 
11 
12 
10 
> 3000 
11 
17 
7 
11 
52 
1 
16 
3 
:: Samples taken f r o m  top to bottom of f i lm 
Sample supplied by Sponsor .L .lr 
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APPENDIX A 
NOMENCLATURE 
NO ME NC LA T URE 
t 
Sample Nomenclature 
Film samples that were removed for  steri l ization were staggered 
so that the analysis of each rol l  would be indicative of the ent i re  width 
of the roll .  
In order  to t race  these samples which were removed for  s t e r i -  
lization, the following nomenclature was employed: 
The sample rol ls  to be i r radiated were placed on the 
turntables in positions labeled North and South, as shown in Figure 1. 
The numerical  prefix before North and South, as shown in Table 1, 
designates the run number. 
the exception of 4 North and 4 South) was divided in half and the suffix 
Outer (0) and Inner (I) added, a s  shown in Table 2.  
represents  the inner half of the roll.  
outer half of the roll .  
4 South do not c a r r y  the Outer and Inner designations. 
Each sample which was regrafted (with 
The Inner (I) 
The Outer (0) represents  the 
It will be noted that sample rol ls  4 North and 
The fourth t e r m  represents  the position f r o m  which 
samples  were removed for  sterilization and analysis. 
designation r e fe r s  to the longitudinal location along the rol l  as well 
a s  the location with respect  to the width of the roll .  The ze ro  (0)  
represents  the upper half of the inner end of the roll,  and one (1) 
This position 
represents  the lower half of the outer end of the roll .  
to this s ter i l ized sample designation appears  below, under 2-South 
Inner.  
One exception 
The fifth t e rm,  appearing only in s ter i l ized sample 
designations, indicates the specific steri l ization chamber  which was 
used. 
below. 
Designations of samples  shipped to the Sponsor a r e  shown 
2-North Inner (2 NI) - No analysis. See counterpart  2 NO. 
2-North Outer (2 NO) - Two one-foot samples  removed for  
analysis.  
Sample labeled 2 NO-0, removed f r o m  inner end 
Sample labeled 2 NO-1, removed f r o m  outer end of 
(next to aluminum rod). 
r 011. 
2-South Inner (2 SI) - Three one-foot samples  removed for  
analysis.  
Sample labeled 2 SI-0, removed f r o m  inner end 
Sample labeled 2 SI-1, removed ten feet  f r o m  inner 
Sample labeled 2 SI-2, removed f r o m  outer end of 
(next to aluminum rod), upper one-third of fi lm. 
end, middle one-third of film. 
roll,  bottom one - th i rd  of film. 
2-South Outer (2 SO) - No analysis. See counterpart  2 SI. 
3-North Inner (3 NI) - Two one-foot samples  removed for  
analysis.  
Sample labeled 2 NI-0, removed f r o m  inner end 
Sample labeled 2 NI-1, removed seventeen feet  f r o m  
(next to aluminum rod). 
inner end. 
3-North Outer (3 NO) - No analysis.  See counterpart  3 NI. 
3-South Inner ( 3  SI) - No analysis. See counterpart 3 SO. 
3-South Outer ( 3  SO) - Two one-foot samples removed for  
analysis. 
Sample labeled 3 SO-0, removed from inner end 
Sample labeled 3 SO-1, removed f r o m  outer end of 
(next to aluminum rod). 
roll.  
3-North Outer /3  South Outer (3  N 0 / 3  SO) - Unidentified 
portions of 3 N 0 / 3  SO. 
4-North (4 N)  - Two one-foot samples  removed f o r  analysis. 
Sample labeled 4-N-0, removed f r o m  inner end (next 
to aluminum rod). 
Sample labeled 4 N-1, removed f r o m  outer end of roll .  
4-South (4 S )  - No analysis. See counterpart 4 N. 
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APPENDIX B 
JPL ADVANCED DEVELOPMENT 
ENGINEERING NOTE 
No. 342011 
C 
0 
P 
1 . 0  
2 . 0  
3 .0  
EXHIBIT I TO PURCHASE ORDER NO. CA-384805 
JPL ADVANCED DEVELOPMENT Dated: 11 /1 /65 
Revised: 12/8/65 
ENGINEERING NOTE 
Y 
No. 342011 
FABRICATION OF BATTERY SEPARATOR MATERIAL 
FROM MODIFIED POLYETHYLENE 
Purpose 
This document descr ibes  the procedure for  the fabrication of 
modified polyethylene t o  be used as a separator  mater ia l  for  a 
heat sterilizable battery.  
Scope 
This document includes an extract  of a repor t  describing the 
preparation of small quantities of the desired separator  material .  
It will be incumbent upon the u s e r  of the procedure to scale the 
quantities to the desired levels. 
Procedure 
The general  preparative procedure for  small quantities is as 
follows : 
3. 1 A 30-foot s t r ip  of uncrosslinked polyethylene film is 
rolled into a helix wi th  a s t r ip  of absorbent paper toweling 
3.2 A glass  tes t  tube 6 . 7  cm.  in diameter and 46 cm.  high is 
filled with 1, 000 cc.  of a solution of divinylbenzene in 
methanol . 
3. 3 The rol l  is immersed in the tes t  tube and allowed to 
equilibrate for  24  hours. 
3 .4  Next, the tes t  tube is placed on a rotating platform in a 
Cobalt-60 source f o r  the appropriate period of t ime.  
3 . 5  The test tube is  then removed f r o m  the source,  the 
sample unrolled, and the paper discarded. 
3 .0  Procedure (Continued) 
3 .6  The film is rinsed with benzene for  a resident t ime of 
about 30 sec .  and rerolled in fresh paper toweling. 
3. 7 A test tube is then filled with 1, 000 cc .  of an acrylic 
acid-benzene solution and the ro l l  immersed  therein f o r  
24 hours.  
3. 8 The t e s t  tube is then i r radiated again in the Cobalt-60 
source.  
3 .9  Next, the sample is removed; washed in 5% KOH at 80°C 
for  1 hour, then washed in water at 80°C for  1 hour and 
then dr ied in paper toweling. 
C 
0 
P 
Y 
C 
0 
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Y T A B L E  1 
Solution concentrations, doses  and dose r a t e s  a re  l isted below: 
Crosslinking 
Solution 
1.070 DVB 
1. 0% Benzene 
9 8% Methanol 
D ivinylbenz ene 
Methanol 
Benzene 
Acrylic Acid 
Total 
Dose Rate Dose Grafting 
jMrads /h r l  (Mrads) Solution 
0.025 0. 55 2570 Acrylic Acid 
7070 Benzene 
570 Ccl4  
T A B L E  2 
Total 
Dose Rate Dose Base Polymer 
(Mrads /hr )  (Mrads)  Density 
0.021 1.430 0.917 
Cat. No. DX2403 - Metro Scientific, Inc . ,  Carle  Place,  Long 
Island, New York 
Cat. No. A-411 - Fisher  Scientific Co . ,  Fairlawn, New J e r s e y  
1" Nitration Grade - P e e r i e s s  Oil & Chzrr,ica? Co., L ~ n g  Island. 
New York 
Glacial Acrylic Acid - Rohm & Haas Co. , Philadelphia, Pa. 
Carbon Tetrachloride Reagent Grade Cat. No. C-187 - Fishe r  Scientific Co.,  Fairlawn, 
New Je r sey  
Sterilization Chambers  304 Stainless Steel Pipe Nipple, 12" long, 3" diameter,  threaded 
on both ends; 304 Stainless Steel Cap for  3" I .D.  pipe - 150 lb.  
c l a s s .  
It is not required that the mater ia l s  be obtained f r o m  the suppliers which a r e  l isted.  
However, it is necessa ry  that equivalent materials be used. 
I 
I 
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WIRE 
Southwe st Re search  Institute 
Attention: D r ,  John T.  Goodwin 
Subject: Purchase Order  CA 384805. 
April 6 ,  1966 
As a result  of recent conversations, we a r e  considering changing 
the subject purchase order  as follows: 
1 .  In the engineering Note 342011, after paragraph 3. 9, ADD. . . 
"Paragraphs 3 .  7 through 3.9 may be repeated once 
i f  the Specifications of A .  2.  1 in the Statement of 
Work cannot be satisfied by a single grafting. 
2 .  
following sentence. e 
In the Statement of W o r k  ADD to the first paragraph the 
"iibsorbent paper 
JPL process  shall be furnished by J P L .  ' I  
toweling to be used in the 
4 .  2 
following sentence. e a 
DELETE paragraph a.  1 ~ 11, , and REPLACE it by the 
"Measurements on the mater ia l  shall be performed 
in a manner that a s su res  uniformity. 
4. After paragraph E. l . ,  ADD the following phrase a s  
paragraph E .  2 .  
I absorbent paper toweling in quantities a s  
needed. " 
5. In paragraph a. 2 .  V .  A . ,  DELETE the sentence. 
"This cycle shall be repeated two (2 )  additional 
t imes " 
Change the las t  sentence t o  read.  
"At the end of the cycle, the samples shall be removed 
and tested in accordance with paragraphs A .  2 .  I. 
through 111. 'I 
I WIRE (Continued) 
6 .  The period of performance will be extended by 45 days.  
It is my understanding that the above will have no effect  on the 
existing purchase o rde r  pr ice .  
above changes a r e  agreeable with you. 
Please confirm this and advise if the 
/ s /  H. E. Pat terson 
Senior Contract Negotiator 
J e t  Propulsion Lab. 
C 
0 
P 
Y 
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APPENDIX C 
HIGH-LEVEL RADIATION EFFECTS FACILITY 
HIGH-LEVEL RADIATION EFFECTS FACILITY 
INTRODUCTION 
Southwest Research Institute has  available two "hot" cel ls  for  
radiation effects r e sea rch  and development. 
in the Aerospace Propulsion Research building and available to assist 
government and industry in research  programs that require high-intensity 
Cobalt-60 irradiation o r  studies of post-irradiation effects. 
were designed to handle 100, 000 curies of Cobalt-60; additional 
shielding will permit  the installation to house 1, 000, 000 cur ies  of 
Cobalt-60. 
a lso accommodate research  programs utilizing gaseous o r  liquid 
radioisotopes and contaminated o r  contaminating mater ia ls .  
This facility is located 
The cel ls  
W i t h  minor modifications and additions the laboratory can 
DESCRIPTION O F  EXISTING FACILITY 
Figure 1 is a photograph of the front of the two hot cel ls .  Figures  
3 - 6 show details  of construction of the cel ls .  
feet  in  floor plan with a 13 foot high ceiling. 
a hydraulically operated eight-ton magnetite concrete access  door 3'0" 
wide by 6'4" high. 
the psychological hazard of walking beneath a large suspended weight. 
A left rod in the center of each door opening leaves sufficient opening 
Each cell  is 9 feet by 15 
Entrance to each is through 
The doors a r e  lowered into a floor well to eliminate 
f o r  passage of personnel; when equipment is moved in o r  out of the cell ,  
the left rod is unthreaded within a few minutes and withdrawn into the 
walls. 
In front of the hot cel ls  is a working a r e a  of 1000 square feet  for  
the preparation of unirradiated specimens and for  test equipment to be 
used in conjunction with the hot cells.  
The cobalt is stored in the wall between the cel ls  (Figure 6 )  
and can be transported into either o r  both cel ls  for  irradiation of t es t  
mater ia ls .  The cobalt storage room is approximately a four-foot cube. 
The doors  for  closing off the cobalt storage a r e a  a r e  constructed of the 
saiiie matcr ia? as the a c c e s s  doors. 
but they r i s e  when opened instead of dropping into the floor. 
is transported on two steel  dollies guided by t racks  i r i  the f loor .  
movements of the dollies and the doors a r e ,  of course,  remotely 
controlled and electrically interlocked for safety. 
They a r e  also hydraulically moved, 
The cobalt 
The 
The operators '  wall consists of 42 inches of magnetite concrete 
3 
(244 lbs/ f t  ), and will provide operational shielding with a million- 
cur ie  source.  The viewing windows (Figure 2 ) ,  one to each cell ,  a r e  
conventional zinc bromide construction with three inches of nonbrowning 
g lass  on the source side, 37 inches of optical-grade zinc bromide, and 
two inches of laminated plate glass on the viewer 's  side. 
on the source side is 48 inches wide by 42 inches high, and on the 
The window 
operators '  side it is 48 inches wide by 22 inches high. 
a r e  two of the la rges t  ever  built and offer a superb undistorted view 
of the cel l  a r ea .  
These windows 
A special  pair  of Central  Research Laboratory Model 8 manip- 
ulators  a r e  available for operation in either cel l  (Figure 2 ) .  These 
manipulators have a 45-inch " Z "  travel and a longer arm in the hot 
cel l  than on the opera tor ' s  s ide.  
separation a r e  built into these manipulators to  facilitate operations 
in front of the viewing window. 
Motorized side and forward 
In addition to the manipulator holes above the viewing window, 
two additional holes a r e  installed lii the wa?? to the side of and above 
the viewing window to allow the manipulators t o  be relocated. 
"A" f r a m e  is used to  relocate the manipulators. This operation 
takes  about ten minutes. Relocation allows the movement of the 
manipulators to  cover the ent i re  cell a r ea .  
for  utilities, p re s  su r  e connections, instrumentation, and electr ic  a1 
leads  a r e  provided near the floor line and just  below the ceiling line. 
The utility and instrumentation leads pass  through corkscrew-shaped 
conduits encased in plugs of high density mater ia l .  
line-of-sight radiation through the utility connections. 
the location of the manipulator holes and utility access  holes.  
the ce l l s  is equipped with a motorized chain hoist for  lifting heavy objects. 
An 
Adequate access  holes 
This eliminates 
Figure 6 shows 
One of 
I 
Each cell  is ventilated with a complete change of a i r  every 
A high quality commercial  air fi l ter  is used on the inlet minute. 
side, and on the outlet side an identical a i r  f i l ter  is used ahead of 
a Cambridge absolute a i r  f i l ter .  
side to  keep the cel l  itself at  a negative p re s su re .  
that  in the event of some catastrophic accident in the cell,  cobalt 
dust  could not spread to the personnel a r ea .  
A blower is located on the suction 
This insures  
Each cell  is equipped with a high-level radiation monitor. 
The radiation monitors a r e  interlocked with the access  doors for  
safety protection of the personnel operating the caves.  
there  a r e  two radiaiioii i i ioEitors irr the preparation room. 
In addition, 
A pit is provided in the f l o o r  of one of the cel ls  for  temporary  
disposal of radioactive wastes.  
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